BACKGROUND: The noctuid Helicoverpa armigera is one of the key cotton pests in the Old World. One possible pest regulation method may be the management of host crop in the landscapes. For polyphagous pests such as H. armigera, crop diversity and rotations can offer sequential and alternate resources that may enhance abundance. We explore the impact of landscape composition and host crop diversity on the abundance and natal host plant use of H. armigera in northern Benin.
INTRODUCTION
The proportion and arrangement of crops and natural vegetation across the landscape has been proposed as an alternative or at least as a complement to reduce insecticide treatments and achieve biological pest control.
1 -6 Indeed, landscape diversity has been shown to increase the population of natural enemies, 7 with a positive feedback on pest regulation. 8 However, other studies have found that landscape diversity plays a more ambivalent role. For example, previous studies showed that landscape diversity enhances not only large-scale aphid parasitism but also aphid populations, 9 and that landscape diversity had a positive effect both on pollen beetle abundance and parasitism rates. 10 Most of the studies on pest control by landscape diversity have concentrated on monophagous pests. 11, 12 Few have considered polyphagous pests, which may react to landscape diversity in different ways. It has been shown that cotton pest Helicoverpa armigera was more abundant in cotton fields found in a complex landscape than in a simple landscape. 13 In complex landscapes, diversity in host plants can offer successive resources that may foster pests at the landscape level but also reduce pest density of a specific crop at the field level. 14 The main scientific challenges for mobile pests using multiple host plants lies in tracking their successive use of host plants by determining the natal origin of the adults. Stable isotopes have previously been used to identify natal origin in studies of insect migration 15 and natal host plant use. 16 Biochemical markers can also be used, 17 as the analysis of gossypol residues in adult H. zea tissues showed that the majority of bollworm moths caught in pheromone traps adjacent to cotton fields did not develop as larvae on cotton.
In this study, we investigated the effect of host crop diversity and landscape composition on the abundance and natal host plant use of H. armigera in North Benin, West Africa. H. armigera is a polyphagous pest that causes yield losses to many crops worldwide, 18 including cotton, 1, 19 cereals such as maize and sorghum, 20, 21 vegetable crops such as tomato, soybean and okra 22 -25 and weeds such as Cleome viscosa. 26, 27 A study in West Africa reported that cotton was the preferred host plant of H. armigera. 27 In Central Africa, H. armigera uses a succession of rainfed crops such as corn and cotton, as well as wild plants that offer a substantial resource limited in time to the growing season. 28 During the dry season, H. armigera populations persist as (i) locally diapausing individuals that are dispersed in local tomato-producing areas or (ii) individuals migrating over long distances to find suitable habitats. 27 Thus, H. armigera is considered to be a facultative migrant species. Its local smaller-scale movements can give way to long migrations 29 of up to 160 km. 30 In this study, we test the effect of host plant diversity on H. armigera abundance and the relative contribution of alternative host plants to the infestation of cotton crops.
Firstly, considering the resource concentration hypothesis, 31 we hypothesised that a high proportion of host plants (i.e. cotton, maize, tomato, sorghum) in a landscape should increase the immediate abundance of H. armigera. We then considered the diversity of host crops as a measure of host plant temporal complementation favourable to H. armigera. We predicted that strong diversity of host crops in a landscape would be correlated with high abundance of H. armigera in cotton fields.
Secondly, considering natal host plant use (larval diet) of H. armigera adults, we hypothesised that the more host plants with a C 3 (or C 4 ) photosynthetic pathway there were in the landscape, the more H. armigera would be found to have C 3 (or C 4 ) natal origins. We therefore expected to find more H. armigera positive to gossypol (having fed on cotton at the larval stage) in landscapes with a higher proportion of cotton.
MATERIALS AND METHODS

Study site
The study was carried out near the town of Angaradébou (11 ∘ 29 ′ -3 ∘ 20 ′ N) in northern Benin, West Africa (Fig. 1) . Northern Benin is one of the most productive cotton areas in West Africa. 32 It is also one of the most infested by H. armigera, 33, 34 with damage reaching an average of nearly 50% of the cotton yield. 32 The region is characterised by a tropical semi-arid and dry southern Sahel climate, consisting of a dry season lasting eight months (from October to mid-May) followed by a rainy season (from the end of May to early October). Most of the farms are made up of small fields of staple crops (0.8 ha on average for tomato, sorghum and maize) and larger cotton fields (2 ha on average) for cash. Crop rotations generally included cotton followed the year after by maize or sorghum. 19 Weeding is generally manual (2-3 times for cotton). The majority of farmers used insecticides, and this was up to 10 times for cotton. Most cotton-producing farmers belong to a producers' cooperative that supervises chemical treatments for cotton crops. A previous study at the same study site has shown similar treatment frequencies for cotton among farmers. 19 The resulting landscape is made up of approximately equal quarters of maize, cotton, natural vegetation and other crops (Tables 1  and 2 ; see 500 m buffer). Landscapes are also characterised by many scattered trees (principally shea trees, Vitellaria paradoxa) to produce shea oil and butter. During the dry season, vegetable crops are cultivated near wetlands close to the permanent Alibori River, the overall crop area declining by about 80% compared to the rainy season. The main host plants of H. armigera in the study area are cotton, tomato, maize and sorghum. 19 Cotton is sown during the rainy season, between the end of May and the middle Figure 1 . Location of the study area in northern Benin, with the black square bounding the entire study site.
of July, and harvested from November to December. Tomatoes are available all year round except during the driest months of the dry season (March to early May). Sorghum and maize are sown at the beginning of the rainy season (mid-to late May) and harvested at the end of September (Appendix A).
Landscape selection and analysis
We selected 37 cotton fields over two years (17 in 2011 and 20 in 2012) . Owing to crop rotations, the fields were not the same for both years. The cotton fields were selected to be part of landscapes differing in their proportion of host crops (cotton, tomato, maize and sorghum) and semi-natural vegetation. Landcover was recorded in a 500 m radius buffer and integrated in a geographical information system using ArcGiS 10. 35 In this study, the word 'buffer' denotes the agricultural landscape in a virtual circle around the trapping point. The choice of a 500 m radius was a trade-off between the mean cotton field size (1 ha, i.e. around 100 m per side) and our landcover-recording capacity in the field. To investigate how the local landscape influences the abundance of H. armigera and host plant use, we studied three nested buffer areas with a radius of 100, 250 and 500 m centred on the trapping point (Fig. 2) . The 500 m buffers in the study were distributed over an area of approximately 200 km 2 in 2011 and 1000 km 2 in 2012. For each buffer radius, we extracted the proportion of cotton, tomato, maize, sorghum and natural vegetation and the C 3 and C 4 host crop proportions (Tables 1 and 2 ). Some crops, including millet, cowpea, rice and soybean, were present in very small proportion and thus categorised as 'other crops' (Table 1 and 2). The diversity wileyonlinelibrary.com/journal/ps 36 is used to measure the host crop diversity: H = ∑ P i log P i , where P i is the proportion of a host crop type considered in the ith host plant category (cotton, tomato, maize, sorghum). 
where P i is the proportion of a host crop type considered in the ith host plant category (cotton, tomato, maize, sorghum) (Tables 1  and 2 ). The higher the value of H, the more diverse are the H. armigera host plants in the landscape.
Abundance of Helicoverpa armigera by light trapping
The abundance of H. armigera was monitored using light traps (mercury vapour lamps of 160 W), three poles and a white sheet (180 × 190 cm), where insects, attracted by the light, landed. In the literature, light traps are presented as the best method for assessing moth abundance. 37 We installed light traps from September to November (Appendices B and C), which corresponded to the peak of infestation in the study area. We installed light traps for 2 h before sunset (6.30 p.m. to 8.30 p.m.) at the centre of the selected cotton field. For fields where access to the centre was difficult without damaging crops, the trapping point was installed along the edges of the field. The landscape considered for the study was always the area centred to the GPS coordinate of the trapping point. The time period of the light trapping corresponds to the peak of H. armigera activity. 38 -40 With this trapping design, we mainly trapped the local population found in the cotton fields and their surroundings. To limit confounding effects, all light traps were placed away from shrubs and trees. In 2011, light traps were installed twice for each of the 17 fields. In 2012, light traps were installed 6 times for each of the 20 fields. Moths were then identified according to wing characters. The forewings have a series of dots on the margins, and there is a black comma-shaped marking in the middle underside of each forewing. The hind wings are lighter in colour, with a broad dark-brown border at the apical end; they have yellowish margins and strongly marked veins. 41 All individual H. armigera moths were preserved in alcohol (ethanol 95%) for biochemical analyses. 17, 42, 43 Host plants with different photosynthetic pathways (C 3 versus C 4 plants) leave an isotopic signature, specific to the plants on which the larvae have fed, in the adult insect's inert tissues (wings and chitin). 16 The method involves analysing the ratio of carbon isotopes ( C) C12 and C13 ( 12 C/ 13 C). The 13 C of the wings were used as markers of the natal host plant, as they almost did not metabolise at the adult stage. 15 Individuals were separated into two groups: (i) the C 3 group with a 13 C value of −20‰ or less represents individuals that fed at the larval stage on C 3 host plants (i.e. plants using the C 3 photosynthetic pathway, in this study mainly cotton and tomato); (ii) the C 4 group with a 13 C value of −15‰ or above represents individuals that fed on C 4 host plants (i.e. plants using the C 4 photosynthetic pathway, in this study mainly maize and sorghum).
Determining the natal host plant use of
16,42 -44
Determining cotton use by Helicoverpa armigera through gossypol analysis
To determine the use of cotton as a host plant, we analysed gossypol residues in moth extracts using a modified method (Appendix D) derived from the method presented in Head et al. 17 Cotton has a C 3 photosynthetic pathway; thus, we analysed gossypol only in moths already identified as being in the C 3 group. A total of 1060 individual gossypol analyses were run (182 moths trapped in 2011 and 878 in 2012).
Statistical analyses
Because agricultural landscapes are not organised randomly, landscape analyses are often confronted with correlation between predictors. Spatial autocorrelation was checked using Moran's test 45 in order to determine any spatial dependency between the values of the observed counting variables. The spatial weights that define the spatial structure of the observation sites were chosen to be the inverse of the distance between those sites. Moran's I-values range from −1 to +1, where −1 is a negative autocorrelation (maximally unrelated) and +1 is a positive autocorrelation (maximally related). We ran a test for each year and for each counting variable.
We used the partial least-squares (PLS) approach to investigate the influence of the landscape context on (i) the abundance of H. armigera moths, (ii) the proportion of moths from the C 3 and C 4 groups and (iii) the proportion of moths that fed on cotton during their larval stage (the gossypol group), on all three spatial scales (buffer sizes of 100, 250 and 500 m). Thus, we built four models with the response variable corresponding firstly to the abundance of H. armigera moths, secondly to the proportion of moths from the C 3 group, calculated as C 3 /(C 3 + C 4 ), thirdly to the proportion of moths from the C 4 group and fourthly to the proportion of moths that fed on cotton during their larval stage. For abundance and gossypol group models, the predictors included the proportions of cotton, tomato, maize, sorghum, natural vegetation and other crops and the diversity of host crops. The diversity of host crops, the proportions of natural vegetation and of other crops and the proportion of C 3 host plants or C 4 host plants were used to predict the proportion of moths from the C 3 or C 4 groups. Each predictor was considered separately for each year (e.g. for cotton proportion, the proportion in 2011 and the proportion in 2012 are two predictors in a model).
We chose the PLS approach because PLS is particularly well suited to the analysis of a large array of related (i.e. not truly independent) predictor variables with a small sample compared with the number of predictors. 46 Because our response variables fitted Poisson (count) and binomial (proportion) distributions rather than a normal distribution, we used a GLM-PLS using the link function of the generalised linear model (log for count and logit for proportions). 47 Owing to the large number of explanatory variables, only 2 years of survey data and the fact that we have few ecological hypotheses to suspect wileyonlinelibrary.com/journal/ps interactions between variables, we focused on the independent effect of each variable, excluding interaction.
We also computed VIP (Variable Importance in Projection) values for each predictor variable. VIP values quantify the ability of each predictor variable to explain the variation in the response variable. In our study, we chose for VIP value a threshold at 1 (VIP ≥ 1), which seemed the most discriminating. 48 Thus, variables with VIP ≥ 1 were considered to be significant for predicting the response variable. 48 Coefficient estimates of predictors were extracted to quantify and identify the sign of the predictor effect.
All statistical analyses were carried out using the free statistical software 49 R 2.15.2 with the plsRglm package 45 for PLS on GLM. We modified the function of the package because, as it stands, it accepts only the classical 0-1 values in the case of the binomial family. From gossypol analyses, we had a number of positives and a number of negatives that did not fall in the classical 0-1 binomial family. We also added some code to compute VIP values for the GLM-PLS procedure.
RESULTS
Overall, 277 H. armigera moths in 2011 and 1352 in 2012 were trapped. Because there were more H. armigera trapped per trapping point in 2012 than in 2011 (Fig. 3A) owing to a variation in the frequency of light trapping (twice in 2011 for each of the 17 trapping points and six for each of the 20 trapping points in 2012), the overall results are presented for each year separately in the graphs and tables. No spatial autocorrelation was detected: all computed values of Moran's I were neither close to −1 nor close to +1. They ranged from −0.43 to +0.37.
Abundance of Helicoverpa armigera
The whole GLM-PLS model explained 65% of the variance in the abundance of moths (Table 3) . According to VIP, the influence of landscape variables on the abundance of H. armigera varied according to the spatial scales and the year (Table 4) .
For both years, the diversity in host crops (H) was a significant variable (VIP > 1), mostly with a positive effect on H. armigera abundance, except in 2012 for the 100 m and 250 m buffers ( Table 4 ). The proportion of cotton crop was significantly related to H. armigera abundance only in 2012, positively on 100 m and negatively on 250 m buffer scales (Table 4 ). In 2011, for the 500 m buffer size, the proportion of sorghum was positively related to H. armigera abundance (Fig. 4 and Table 4 ). In 2012, between the major host crops (cotton, maize, sorghum and tomato), two were relevant on the 500 m scale to explain H. armigera abundance: the proportions of tomato and sorghum (Fig. 4) . In the same year, the proportions of natural vegetation and other crops were also significant related to the abundance of H. armigera: a negative relationship to the proportion of natural vegetation and a positive relationship to the proportion of other crops (Fig. 4 and Table 4 ).
C 3 and C 4 host plant use by Helicoverpa armigera
Of the 277 individuals trapped in 2011, 240 moths were in appropriate condition to analyse carbon isotopes in order to determine the natal host plant photosynthetic pathways. We found that 76% (182 moths) had a C 3 natal host plant and 24% (58 moths) had a C 4 natal host plant. Of the 1352 individuals trapped in 2012, we analysed 1009 moths and found that 87% (878 moths) were from C 3 natal host plants, and 13% (111 moths) from C 4 plants. Twenty individuals could not be assigned to one group or the other, so they were not used in the subsequent analyses (Appendix E). GLM-PLS explained 62 and 65% of the variance (Table 3 ) for the C 3 and C 4 groups respectively.
Two variables were important in the projection (VIP > 1) for the model considering the abundance of the C 3 group: the diversity of host crops (H) for both years, except at the 100 m scale in 2011, and the proportion of C 3 host crops only in 2012 (Table 5 ). In 2011 and 2012, the diversity of host crops had mostly a negative relationship to the abundance of moths from the C 3 group, except in 2012 at 100 m, where the relationship was positive (Table 5) . Thus, at the 500 m scale, H was for both years significantly and negatively related to the abundance of H. armigera from the C 3 group (Fig. 5A) . The relationship between the abundance of moths from the C 3 group and the proportion of C 3 host crops was significant and positive only in 2012 (Table 5) .
Two variables were important in the projection (VIP > 1) for the model considering the abundance of the C 4 group ( Table 6 ). The C 4 group abundance was positively related to H in the 250 m buffer in 2011 and 2012 and in the 100 m buffer in 2012 only. However, host crop diversity in the 500 m buffer had a negative effect in 2011 and 2012 (Fig. 5B) . The relationship between the abundance of C 4 group moths and the proportion of C 4 host plants was positive when considered in a 250 m buffer but negative at 500 m for both years ( Table 6 ).
The proportion of natural vegetation and other crops was never significant when seeking to explain C 3 or C 4 group abundance (VIP < 1), in either year of the study (Tables 5 and 6 ).
Cotton use by Helicoverpa armigera
Of the moths in the C 3 group, 20% (N = 36 moths) were found to be positive to gossypol in 2011 and 13% (N = 113 moths) in 2012 (Fig. 3) . GLM-PLS explained 73% of the variation (Table 3) .
The proportion of individuals that fed on cotton plants had little relationship to the proportion of cotton crops in the landscape. The proportion of cotton had a VIP value over 1 only once in 2011 with the 500 m buffer (Fig. 6) . The diversity of host crops (H) had a significant VIP value for both years and at all three scales ( Fig. 6 and Table 7 ). Its influence was negative in 2011 for both the 100 m and 500 m buffers and positive for the 250 m buffer. On the other hand, its influence was positive in 2012 for both the 100 m and 250 m buffers and negative for the 500 m buffer (Fig. 6 and Table 7 ). The proportion of individuals positive for gossypol was significantly and negatively correlated with the proportion of sorghum in the landscape in 2011 and 2012 in both the 100 m and 500 m buffers (Fig. 6 and Table 7 ). In 2012, the proportion of tomato was negatively correlated with the abundance of moths wileyonlinelibrary.com/journal/ps Table 1 for the complete name of variables. The explanatory variable 'tomato' is missing in 2011 because we did not find tomato plants in the landscape surrounding the trapping points. with gossypol signature for the 250 m and 500 m buffers ( Fig. 6 and Table 7 ). The proportion of natural vegetation was significant and positive for the 500 m buffer in 2012 ( Fig. 6 and Table 7 ). 
DISCUSSION
Our study investigated the influence of host crop proportion and diversity on H. armigera abundance and larval host plant use on three spatial scales (100, 200 and 500 m). We found that host Table 1 for the complete name of variables.
crop diversity was mostly positively related to the abundance of H. armigera adults for a particular location in each landscape. The proportion of adults having fed on C 3 host plants was positively related to the proportion of C 3 host plants in the landscape, but the role of host crop diversity was mostly negative. The proportion of moths whose larvae had fed on cotton was low and was weakly related to the proportion of cotton in the landscape.
The 500 m buffer was the best scale to investigate the role of landscape elements in the abundance and natal host use of Helicoverpa armigera
The scale of effect is the spatial extent to which landscape structure best predicts population response. 50 To analyse the scale of effect for H. armigera, we chose the widely used method of nested buffers of increasing size. Firstly, we showed a general trend towards an increasing number of significant explanatory variables as the buffer zone increased (500 m). We thus conclude that, of the three spatial scales considered, the 500 m extent appears to be the most meaningful in explaining H. armigera abundance; an even larger scale might have provided more explanatory power, but we did not have the capacity to undertake work beyond this scale. The scale of effect is linked to the dispersal abilities of the studied species. 50, 51 The mutivoltine and highly mobile characteristics of H. armigera make pest management at both individual crop and farm scales problematic. 52 Our results suggest that it is essential to consider the landscape context in a buffer zone with a radius of at least 500 m in order to manage H. armigera outbreaks. However, some explanatory variables did not show consistent coefficient signs depending on the buffer size. In this study, if a variable showed mainly positive coefficients except for one buffer size, we considered that the variable had a general positive trend. Sometimes this divergence could be explained, like the change in sign of the influence of host crop diversity on the proportion of adults having fed on C 3 host plants. Host crop diversity may have little ecological meaning when considered at the smallest scale (100 m) surrounded by large fields (which thus reduce the diversity). At the same time, diversity of host crop had a significant, negative effect on the proportion of adults having fed on C 3 host plants for the 250 m and 500 m buffers for both years. However, we did not find any reason for the proportion of adults having fed on C 4 plants to be linked alternatively positively or negatively to the proportion of C 4 host plant and diversity of host crops in the 250 m and 500 m buffers. An unexplained change in signs depending on the spatial extent of analyses has been reported in other studies. 53, 54 The results of these studies do not address the scale of effect of a species but the ambivalent role of certain landscape elements. The same authors advocate the careful use of landscape variables when they do not have convergent relationships with the focal species.
Host crop diversity was the main landscape effect on the abundance of Helicoverpa armigera
We showed that, at the largest scale measured, host crop diversity influenced positively the abundance of H. armigera. This result is wileyonlinelibrary.com/journal/ps consistent with those of two meta-analyses concluding that pest abundance was positively correlated with crop diversity. 54, 55 In the same way, a greater diversity of host plants in the landscape enhanced the abundance in cotton fields of Lygus hesperus, a polyphagous pest. 56 Owing to its polyphagy, H. armigera is attracted by different host plants, and its life cycle depends on the suitability of the host plant at a given time. Host plant diversity provides a range of refuges and alternative resources that enhance polyphagous species. In our study area, the importance of a higher diversity of host crops in increased H. armigera numbers could be due to the presence of host crops such as tomato and sorghum, found in low proportions in the landscape. Indeed, when sorghum and tomato were positively related to H. armigera abundance, host crop diversity was also positively related to H. armigera abundance. However, tomato was never more than 5% on average of the agricultural landscape, and sorghum averaged 10%; even allowing for their attractiveness as hosts, this influence on H. armigera abundance must be considered with caution. 
The effect of landscape on natal host plant use 4.3.1 The abundance of moths having developed on C 3 and C 4 host plants was related to C 3 and C 4 plants in the landscape
We found that the more C 3 host plants there were in the landscape, the more H. armigera had fed on C 3 host plants, but this relationship was significant only in 2012, when the total number of moths trapped per trapping point was higher. This result was not due to a cotton effect because the proportion of cotton crops in the landscape did not explain the proportion of individuals positive to gossypol (i.e. having fed on cotton plants at the larval stage). Individuals having fed on C 3 plants may have developed on tomato plants, which are the other C 3 plants in the landscape. Knowing that tomato proportion was never more than 5% on average in landscapes, and was present only in 2012, the hypothesis should be verified by further studies. Another hypothesis is that moths having fed on C 3 plants may have used other uncultivated C 3 host plants considered to be natural vegetation (such as Cleome viscosa, 26, 27, 42 which is a C 3 wild plant present at the study sites), but we found no significant relationship to the proportion of natural vegetation.
No relationships between the abundance of moths developed on cotton crops and the proportion of cotton in the landscape
The absence of relationships between the proportion of individuals positive to gossypol (i.e. having fed on cotton plants at the larval stage) and the proportion of cotton in the landscape could be explained by individuals coming from cotton fields over 500 m away. These results are based on 36 individuals in 2011 and 113 individuals in 2012 that were positive to gossypol. Moreover, some individuals having fed on cotton may not have had a strong enough signature to be declared positive. There is currently a rapid development of analytical methods to identify the natal origins of Pest Manag Sci (2016) 'heterometabolic' insects; for example, resistance to insecticides might be a powerful method for detecting individuals having fed on tomato crops. 28 Our study demonstrated that cotton was a minor contributor to the natal origin of the captured moths. Our result is consistent with those of Kyi et al., 57 who found that egg survival in cotton crops was poor in an experimental study. This finding is counterintuitive, however, as we had hypothesised that individuals present during the infestation peak (mid-September to end of October) on cotton had already spent at least one generation on cotton. In addition, previous studies showed that cotton fields were more infested by H. armigera than other crops, but that cotton was not the primary host selected for oviposition or feeding. 27, 30 The absence of effect of cotton proportion on moth abundance may also be explained by insect learning. Learning for host selection has been demonstrated 58 in many insect species. Indeed, the experience of H. armigera adults can significantly affect the relative acceptability of host plants for ovipositing or feeding. 59 In this way, learning may alter H. armigera host plant preference for cotton and mask the effect of cotton proportion in the landscape on the abundance of moths. Another hypothesis to explain our results concerns environmental cues for diapause, a strategy by which insects avoid unfavourable conditions. 60 In a study investigating diapause induction on H. armigera, it was demonstrated that larval host plants may influence the occurrence of a long diapause. In particular, the authors showed that cotton plants induced diapause 2-5 times more than tomato and maize respectively. 61 Considering the source/sink concept, cotton in the landscape may act as a net sink for H. armigera, as our previous studies 19 in the same region show high infestation of cotton fields by H. armigera larvae. However, many studies investigating this concept found changes in the source/sink effects 62, 63 of a given landscape element through the season and with the landscape scale. 63 In our study, we investigated the effect of landscape context on the immediate abundance of H. armigera and not the dynamics of the population.
Importance of tomato crops for Helicoverpa armigera
Unlike the proportion of cotton in the landscape, the proportion of tomato crops was important in explaining the abundance of H. armigera in the landscape. However, the importance of tomato proportion should be treated with some caution because it is very heavily sprayed 19 and was not present in our study area in 2011. We found a positive relationship to the abundance of H. armigera for the 500 m buffer. This finding is in accordance with the argument that, by providing earlier flowering opportunities, tomato plants may host H. armigera more than cotton does, and thus support the abundance of H. armigera in the landscape. 13 The relative importance of the proportion of tomato plants was also demonstrated for larval abundance in the landscape. 19 . The proportion of tomato plants in the landscape may explain a significant proportion of individuals having fed on C 3 plants, because tomato plants, like cotton, have a C 3 photosynthetic pathway 64 Further studies should focus on tomato plants as larval host plants with the development of a marker, but the biochemical tomato marker tomatine has been difficult to implement. 65 Resistance to insecticides used for tomato crops should also be investigated. 42 
CONCLUSION
To our knowledge, this is the first study to use natal host plant origin to determine the influence of landscape diversity and composition on H. armigera infestations. Our results suggest that it is essential to consider the landscape context in a buffer zone with a radius of at least 500 m in order to manage H. armigera outbreaks even for small-scale agricultural systems. We found that host plant diversity at a scale of 500 m buffer (78.5 ha) is the best predictor of abundance of H. armigera moths. The landscape variables influencing H. armigera abundance are not always convergent with those involved in larvae abundance leading to crop damage in the same study area. 19 This mismatch may be due to differences between moth oviposition and larval survival on host plants. 18, 57 Cotton role as a sink crop for H. armigera should be investigated throughout the season and at larger scales. Of all the host crops considered, tomato plants require particular attention, as the proportion of tomato crops in the landscape was positively related to the abundance of H. armigera. However, the importance of tomato should be treated with some caution because it is very heavily sprayed and was not present in 2011, only in 2012 (less than 5% on average). To validate these results, there is a need to identify biomarkers able to detect the use by H. armigera of tomato plants in the landscape. Our results suggest the need for additional studies to relate larval and adult responses to landscape variables in order to allow the development of H. armigera regulation at the landscape scale.
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APPENDIX
APPENDIX D Details of the gossypol analyses
The control sample To determine the use of cotton as a host plant, we analysed for a gossypol derivative in moth extracts, using a liquid chromatograph/tandem mas spectrometer (LC/MS/MS). To characterise the false positive and false negative rate of this method when analysing H. armigera, larvae and adult moths were reared in a laboratory located in Garoua, Cameroon, using cotton bolls, tomato leaves and immature fruits, and maize flour diets. Larvae were collected directly before the pupal stage, and adult moths were collected at 1, 6 and 12 days after emergence. These control samples were randomly selected and analysed with other samples in blind tests. No false positive or negative results were detected among the 68 control samples reared on known diets (supporting information Table S1 ).
The extraction method
Insect samples were lyophilised prior to extraction. Individual samples were transferred into a glass vial (Xpertek, 3.1 mL high-recovery clear glass vial, 15 × 45 mm; Cobert Associates, St Louis, MO) preloaded with two glass beads (4 mm; VWR, Radnor, PA). Sample vials were placed in a vibrating shaker and ground for 2 min at 1100 rpm. Acid hydrolysis solution (1 mL, 1 N HCl in methanol) was added to the vial, and vial contents were ground a second time. A quantity of 69 μL of concentrated NH 4 OH was added to the vial, and the vial was placed in a water bath at 55 ∘ C for approximately 15 h. Samples were then dried using a SpeedVac (Savant SC250EXP; Thermo Scientific, Wilmington, DE) before adding 0.8 mL of 0.1% formic acid in H 2 O (v/v), followed by 1.5 mL of ethyl acetate. After shaking for 2 min at 1100 rpm using a vibrating shaker, each vial was centrifuged for 10 min at 3000 rpm, and 1 mL of the ethyl acetate layer (top) was transferred into a 2 mL vial (Xpertek, 12 × 32 mm, clear glass robotic screw-thread vial; Cobert Associates). The ethyl acetate extraction was repeated, and the supernatants were combined before drying completely using a SpeedVac. The dried extract was reconstituted with 200 μL of 0.1% formic acid in methanol and then transferred into a 96-well membrane filter (AcroPrep Advance 96 filter plate, 0.45 μm PTFE, 350 μL well; Pall Corporation, Port Washington Port) for filtration prior to injection into an LC/MS/MS. The gossypol derivative was detected using LC/MS/MS (LC10AD pumps, Shimadzu, Kyoto, Japan; PAL autosampler, Leap Technologies, Carrboro, NC; Micromass Quattro Ultima mass spectrometer; Water, Milford, MA). The linear LC gradient was set using a mobile phase consisting of (A) 0.005% formic acid in water and (B) 0.005% formic acid in acetonitrile in the following programme: 0-1 min, 3-25% (B); 1-2 min, 25-40% (B); 2-2.5 min, 40-70% (B); 2.5-3.9 min, 70-80% (B); 3.9-4 min, 80-95% (B); 4-4.2 min, 95% (B). To avoid potential cross-contamination between sample injections, a blank injection (methanol) was carried out after an insect sample injection with the following LC gradient programme: 0-0.5 min, 95% (B); 0.5-0.6 min, 95-3% (B); 0.6-1.5 min, 3% (B). A Gemini C18 column (3 μm, 110 Å, 50 × 2.00 mm; Phenomenex, Torrance, CA) was used for the separation with a flow rate of 0.5 mL min −1 . The triple quadrupole mass spectrometer was run in MRM mode with the following acquisition parameters: precusor/product mass 517.0/470.0; dwell time 0.6 s; collision energy 35 eV; cone voltage 50 V; retention time 3.8 min.
To verify the origin of the cotton marker, gossypol acetic acid (G4382; Sigma-Aldrich, St Louis, MO) was processed using the sample extraction procedure outlined above. We found the same metabolite with a mass of m/z 517.22 both in the final extract without moth tissue (supporting information Fig. S1A ) and in soy-fed moth tissue spiked with a gossypol acetic acid standard (data not shown). The monoisotopic mass of the resulting gossypol derivative of 518.2273 (m/z 517.22 in negative ionisation mode) is very close to that of gossypol (518.1941, m/z 517.18 in negative ionisation mode). However, this gossypol derivative was clearly separated from gossypol in the LC/MS/MS method (supporting information Fig. S1A ). The mass fragment patterns of both metabolites (supporting information Fig. S1B ) suggest they are structurally related, although the identity of the structure has not yet been determined.
Method characterisation
A total of 189 moths of H. zea were reared on known diets, including cotton bolls, edamame (immature soybean) and corn kernels, or on an artificial diet at Monsanto's Chesterfield, Missouri, research facility. Using the data from these control moths, the two criteria for identifying a cotton positive moth were: (1) an area response of 100 or higher; (2) a signal-to-noise ratio of 5 or higher. When applying these criteria, the method detected all cotton positive moths correctly (n = 22), while only one false cotton positive was found among moths that were reared on known diets other than cotton (n = 167) (supporting information Table  S2 ). We also tested soybean looper (SBL) Chrysodeixis includens and tobacco budworm (TBW) Heliothis virescens moths that were reared on diets including soy and cotton tissues, and found one false negative among SBL moths (n = 43) reared on cotton diets and one false positive among TBW moths reared on a non-cotton diet (n = 94).
wileyonlinelibrary.com/journal/ps APPENDIX E Total number of individuals analysed for stable carbon isotopes (C 3 /C 4 ). C 4 represents individuals that fed on C 4 host plants (maize or sorghum), and C 3 represents individuals that fed on C 3 host plants (cotton or tomato or natural vegetation or other). Twenty individuals were not assignable to any group
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